An interpretation of high spectral resolution remote sensing reflectance
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ABSTRACT

Remote sensing reflectance is easier to interpret for the open ocean than for coastal regions since bottom
reflectance and fluorescence from colored dissolved organic matter (CDOM) need not be considered. For
estuarine or coastal waters, the reflectance is less easy to interpret because of the variable terrigenous
CDOM, suspended sediments, and bottom reflectance, since these factors do not covary with the pigment
concentration. To estimate the pigment concentration, the water-leaving radiance signal must be corrected
for the effects of these non-covarying factors. A two-parameter model is presented to model remote
sensing reflectance of the water-column, to which contributions due to CDOM fluorescence, water Raman
scattering and bottom reflectance have been added. The purpose of this research is to try to understand
the separate contributions of the water-column, CDOM fluorescence, water Raman and bottom reflectance
for stations on the West Florida Shelf and Lake Tahoe. This model requires data with spectral resolution
of 10 nm or better, consistent with that provided by AVIRIS and expected from HIRIS.

1. INTRODUCTION

The use of the power-law of spectral radiance ratios'? to measure pigment concentrations requires that
the water leaving radiance is largely determined by variations in the pigment concentration with all other
optical constituents covarying along with this quantity. The method works quite well for the open ocean
or "Case [” waters®. This is because the water-leaving radiance of open ocean waters is not affected by
bottom reflectance, land run-off, and suspended sediments. Although aeolian dust may be carried by
winds to the open ocean®, the dominant effect of the particulates may still derive from phytoplankton’.

The power-law approach can be much less accurate for estuarine and/or coastal areas®, however, due to
the lack of covariance of many of the optical constituents with chlorophyll pigments. In these areas, the
water-leaving radiance may include not only parts due to elastic scattering by water molecules,
phytoplankton detritus, suspended particulates, bottom reflectance, but may also include the in-elastic
scattering of CDOM fluorescence, and water Raman scattering. Thus, changes in ocean color due to
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suspended' segiments or dissolved organic matter may be interpreted as changes in pigment
concentration®’. How the above components influence the power-law is not known very clearly

Itis important. to have a good estimate of the pigment concentration for the coastal area since the shelf
and slope regions provide over half of the world ocean primary production®. For open ocean areas

s%veraledgsc;od primary production estimates based upon CZCS derived pigment concentration have been
obtained™’.

For water depth measurements®' or bottom-feature mapping'!, water-leaving radiance or irradiance is
usual.ly considered to be due to scattering of water molecules, particulates and the bottom, but not to
contributions from the CDOM fluorescence and water Raman. So, the accurate quantification of pigment

concgntration, water depth, and/or sea grass maps depends on how well we understand all of the
contributions to the water-leaving radiance and/or irradiance.

As an init_ial attemp  interpret remote sensing reflectance data including CDOM fluorescence, water
Raman effects and ..tom reflectance, this work considers the separate contributions of the above
components by using high-spectral-resolution data.

2. THEQRY

The radiance leaving from ocean water is a complicated mix of signals due to many components. These
include the following: absorption by molecules and particulates, elastic scattering by molecules and
particulates, and bottom reflectance for shallow waters. Also included are in-elastic scattering due to
water, CDOM, chl-a and phycoerythrin molecules. Since chl-a fluorescence occurs in a narrow band and
centered around 685nm, it provides an obvious deviation between measured and modeled remote sensing
reflectance (R,,) at 685nm if this emission is not considered in the model. Contributions by Gordon'? and
Carder and Steward'’ dealing with chl-a fluorescence have been reported and are not directly considered
in this work, due to the small signals found in waters with chl-a less than about 1 mg m*. It is assumed
that the water-leaving radiance is composed of the following four components: elastic scattering from
molecules and particles (L,,), bottom reflectance (L,,), Raman scattering (L,z), and CDOM fluorescence
(L,p). It is also assumed that there are no cross interactions among these components, so the water-leaving
radiance can be expressed as

L(+A)=L, (+ A)+ L+, M)+ L y(+ M)+ L (+,) ()

The symbols and definitions used in this paper are summarized in Table 1.

The remote sensing reflectance is defined as the ratio of the water-leaving radiance to the downwelling
solar irradiance above the water surface,

L (+,A)

Rrg(l)= Ed(*,l)

Breaking this equation into contributions from various mechanisms listed in Eq.1, we have



R, (A)=R, (M)+R (A)+R, (A)+R A(}) Q)

For a homogeneous and very deep water body, consider a wavelength-independent factor I to describe

the influence of the air-sea interface on the remote sensing reflectance. R.w(A) can be described in terms
of values just below the interface as

R_(hy=ts 222 )
= ———
row E(-A)

where, =t *t/n’, where t is the transmittance of the air-sea interface, sub + indicates a downward flux,
sub - indicates an upward flux, and n is the refractive index of water. For a zenith sun, a nadir-viewing

instrument and a calm surface, [=0.533. For larger solar zenith angles and foam-covered seas, t will be
lower'*.

The subsurface irradiance reflectance R,(-,A) is defined as the ratio of the sub-surface upwelling
irradiance to the sub-surface downwelling irradiance:

E_(-,A
Rw(-,},)=_£_z )
E[-,A)
and Austin' has related E,,(-,\) and L, (-,A) as
E (')k)
swr 7 (6)
¢ L (-,A)
50, R (A) can be expressed as
I
R_,(A)===*R (-,A) M
Q

For irradiance reflectance R,(-,\), Gordon et al'* obtained a series relation by the Monte Carlo method

b,(A)
0=y —_ T g (8)
R(-M)=Y . Y"(a(k)+bb(l))
This equation was simplified'®!” to
b,(A) 9)
- A)=33s 2
R (-,A)=33+ 2D

for by(\)/a(\) up to ~.25. The constant 0.33 actually varies slightly with solar zenith angle accprding
to Kirk'®. The total backscattering coefficient, b,(A), includes two components: backscatte‘nng' by
molecules b,,(N) and particulate matier b,,(N). The total absorption coefficient a(\) mclydes contnbungns
due to pure sea water absorption a,()\), gelbstoff (CDOM) absorption a,(A) and pa;txculatc absorpnpn
a,(\). Inserting these into Eq.9 and suppressing the spectral dependence for convenience, we can wrte

Let



R..(A) as

Rrs-wi .33[ * bh+bbp
a,+a,+a, Q

(10)

Eq.10 is for deep water. When optically shallow water is encountered, the reduced scattering by the water
column should be considered; then

b
R_ =330, Ol ) -wiresy (11)
a

for a totally absorbing bottom and water depth H.

If we define the semi-diffuse attenuation coefficient as xk=a+b,, then Ky=D4 and K,=D«. D, and D,
are the distribution functions for the downwelling and upwelling radiance field and are considered depth-
independent, and D,/Dy = 2 according to Gordon et al'’. The remote sensing reflectance from bottom

reflectance is defined as R, =L,,(+)/E,(+). Assuming the bottom is Lambertian, with a reflectance o(N),
then R,,, can be approximated as

rsb

R, otpre et (12)
i3

where k is the attenuation coefficient for the radiance of a Lambertian source and is approximated as k
~ 1.5« for vertical radiance?'.

The remote sensing reflectance due to gelbstoff or CDOM fluorescence and water Raman are defined as
R=L{+)/Ey(+) and R z=L,z(+)/E,(+). In general, these terms are due to in-elastic scattering of
CDOM molecules and water molecules indicated by the subscript I. Defining the volume scattering
function B,(a,\,N) for in-elastic scattering as

= T‘(ail) 13
B L,k ) pr (13)

where T(a,A) is the intensity of the scattered output radiance, dV is the scattering volume, E(A\) is the
irradiance of the input collimated beam, « is the angle between the input and the output photon
directions.

For z positive downward from the surface, 6 is the zenith observational angle, and ¢ is the azimuthal

observation angle (Fig. 6). With the consideration of isotropic 3,, the in-elastic radiance in the direction
§ and the upwelling irradiance at depth z due to the depth interval dz, are

lo?#.
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cos(9)
dE {z,\)=2n f;;zdL,(z,G,).)*cos(ﬂ)*sin(e)tde (15)
=2x L BAA LA *E (2, ) +d) dz (16)

where Ey(z,A) is the scalor irradiance at depth 2z, and Eo(z,A) =En(z,A\) +Eg(z,\) =
Dy(1+2R(AJ)Ey(z,N). Since Ey(z,A) =E4(0,A)*e**"?, and the upward attenuation coefficient is K, then
with the consideration that D,, D, and the irradiance reflectance R(\) are depth independent, the sub-
surface irradiance for a infinite water column due to the in-elastic scattering is

PAMLAMEL07,2 ) di

(17
. K(A)+K() ¢

E[07,0)=27(D+D.R)f.

Define Q, as the Q factor for the in-elastic scattering field, then the subsurface radiance due to in-elastic
scattering is

L,(O‘,J.)= 21‘(1+2*R)]‘ ﬁ[(lxn)')Ed(o-)l,)dlx (18)
Q, Ao 2x(A)+x(A )

and the in-elastic scattering coefficient ®(A\,A\) (m!/nm) is defined as

* 0= [ B Lar A)edo (19)
Since B(a,A,,A) is considered isotropic, then
O(A,A)=P (A ,A)*dr 20)

According to the definition of remote sensing reflectance, with Eq.18 and Eq.20, we have

R Welve[ 2D BT A
N b 2x(A)+x(A )]*E(0",A)

di 21

X

in which e=[1+2R(A)1/2Q,.

Defining n(\) as the quantum efficiency for the emission line excited by )\,‘_, for CDOM molecules



A d(AA)
n()=[ = = dA (22)
AL a‘(lx)
But #(A,A) is characterized by a log-normal curve', so
S0 )= n(A)*A *a (1) b P 23
AxA
in which
A=A
-sefla—2p
asfe T | 24
A

where n(N\,), Ao, S, A and ¢ are functions of the type of CDOM and A..

In general, b, < < a for most oceanic waters', so « is close to a. For R(Ap values of about .05, then
e = 1.1/2Q,. And, based on the calculation for chl-a fluorescence made by Gordon'?, the Q factor for
in-elastic scattering is ~3.7. Then combining Eq.21 and Eq.23, the remote sensing reflectance due to
CDOM fluorescence can be reduced to

R, (A)=.14861+F(1) 23
i top
A A )+E(0",A T
F(l):f n(kx)_i ag( x) d( x) *e dlx (26)
ke A [2a(A)+a(A )]*E(0",A) 4

Unlike broad-band (~ 100nm) CDOM fluorescence, the water Raman emission has a half-band width of
about 20 nm®. Omitting this band width, i.e. assuming a narrow Raman emission, the in-elastic scattering
coefficient $(\,\) can be related to Raman scattering coefficient as

PN, A)*dA, =b*(\)
and from Eq.21, with x~a, the remote sensing reflectance for water Raman is

bR )*EL0",1) 27
[2a(A)+a(A )]+ E (0°,1)

R (1)=.1486I+

and from the measurements of Marshall and Smith?', b*(488)=2.6*10".

3. MODEL

For the modeling work, a, and b, are already known?, and a, and a, can be measured or modeled. What
needs to be considered is how by, Q, p, H, 7, s, A, and o change with different environments.



R.x: Since this is a type of molecular scattering, b*(\) is considered to have a wavelength dependence
similar to that of water molecule scattering coefficient?, i.e. a function of A*. Thus b*(\)=2.6*10"
**(488/A)™. Then it is easy to calculate R, using Eq. 27 when the total absorption is known. The
transmittance of the air-sea interface for the solar irradiance is considered wavelength independent. The
incoming light field was measured with a Licor-1800%, which is used in our R, and R, calculations.
The calculations of R,z and R are begun from the excitation wavelength 300nm. The frequency shift
for water Raman scattering is fixed at 3512cm™ as an average from Collins et al®.

R, As can be seen from Eq.26, there are at least four variables (n(\)),s, N, 0) needed to calculate the
remote sensing reflectance due to CDOM fluorescence when the total absorption is known. From lab
measurements of CDOM fluorescence for our West Florida Shelf experiments, the quantum efficiency
n(A\) was between ~0.5% and ~1.5%, and generally is rather constant for different excitation

wavelengths. The slope s was about 10, Ay~ (.95A-45), o~ (195-A,/5), all of which were quite constant
for different stations (see Hawes et al'?, this volume.)

R..: This value depends not only on the optical properties of the water body, but also on water depth and
the bottom albedo. In the modeling work, the water depth comes from the Provisional Chart for Gulf
Coast (C&GS #1003), and the bottom albedo was based on the measurements of bottom samples from
10m depth with values of 0.2 to 0.25 (used for Station 1) and from 20m depth with values from 0.4 to
0.5 (used for Stations 2 and 3). The semi-diffuse attenuation coefficient x is assumed equal to total
absorption a(\).

R,..: When using Eq.11 to model the measured R,,,, a,, by and total absorption a(A) are already known,
but evaluation of b, and Q for different water bodies and solar zenith angles is required. For a,, a; and
byp, models exist for open ocean or "Case I" waters*?, but for other areas, a, and a, must be measured
or modeled. The particulate backscattering coefficient by, has been considered to be a spectral function
of ! or a constant for near-shore waters®'%,

For the factor Q, however, there are only a few measurements, and its values have been reported from
3.2 to 12, Theoretically, not much attention has been paid to factors affecting Q, perhaps because
generally Ly(-,\,8,4) is considered close to Lambertian due to multiple scattering. Q has been taken to
be about 4.7 and spectrally constant from 440 to 550nm?, although Kirk® gives Q as ~4.9, and
Gordon® suggests a value of ~3.4. For many studies, Q is often arbitrarily chosen as a spectral
constant®'>%. From Davis’ recent measurements (unpublished), however, as Carder et al.® mentioned
recently, Q is not spectrally constant for the waters studied in this report. From these measurements,
generally, there is a trend for Q to increase with wavelength. To model R, for a region where b,, does
not covary with pigment concentration and a spectral Q factor needs to be considered, at least four
parameters are needed.

Here we consider the water-leaving radiance of the water column L, as two parts, one from water
molecules L,,, and one from particles L,,, with the assumption of no interference between these two.
Then Eq.11 can be adjusted as
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in which Q, and Q, are the Q factors for water molecules and particles and, are defined as
E _(-,3) E (-,2)
Q,= =22 (29)
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We are aware of neither theoretical predictions, nor experimental measurements of Q,. However, to first
order an estimate can be made based upon the phase function and illumination geometry. For a given
illumination geometry, the shape of the radiance distribution within the water is determined primarily by
the volume scattering function through single scattering: e.g. Gordon®® suggested a single-scattering
approximation can be used to specify the variation of R(A) with the solar zenith angle, and Kirk'’ used
single-scattering to describe the average cosine. Combining the approach used by Jerlov'! to provide an
estimation of radiance and irradiance with sun angle and depth, Austin’s definition of Q factor'®, and the
volume scattering function of water molecules given by Morel®?, the Q. factor for sun light was
calculated. The results can be approximated by the following simple function:

Q"=5.92-3.05¢0s(j) (30)

With the assumption that the Q, factor due to skylight is about 3.14, the effective Q, for a mixture of
sunlight and skylight is given by

1
Qm=—_+_Y';Q:m

3.14

31

1+y

if we define y=E,“/E/®, and calculate v using Gregg and Carder’s model®. Model results of Q,**
centered about 3.23 for environments studied in this contribution and are shown in Table 3.

Since we do not know the volume scattering function of the water sample, b, and Q, can not be estimated
using such a direct approach. However, since b,, can be considered a function of byp(400)*(400/X)" as
in Smith and Baker®?, we may also consider Q, to be a function of Q,(400)*(400/N)". Then b,,/Q, can
be combined and modeled as X*(400/\)Y, where X and Y are two unknowns determined by specific
particulate suites and solar illumination scenarios. After calculating Rz, Reye and R,,, only X and Y are
left as unknowns. By matching the modeled R, and the residual of Ry-Rap-RnrRey at shorter (e.g.
~400nm) and longer (e.g. > 700 nm) wavelengths, X and Y were derived using a predictor-corrector
approach as in Carder and Steward”.

Using the methodology described above, two fields of R, are modeled: 1) Lake Tahoe with a clear, deep
water column; and 2) shallow, gelbstotf-rich coastal waters of the West Florida Shelf. figures 1-4 show
the results of this approach, and Table 2 provides the latitude, longitude and time/date of our
experiments. Also Figure 5 shows the locations of West Florida Shelf stations, Table .3 shows the model
parameters j, Q,*, X and Y, a,(400) and a,(440), and measured a,(440) for each station. Table 4 shows



the ratio of Ry, Rags Rn¢and R, to the measured R, at 440nm and 550nm.

Note: Time is in GMT. WFS=West Florida Shelf

4. FIELD MEASUREMENTS

Upwelling radiance above the sea surface and downwelling sky radiance were directlyz‘measured using
the Spectron spectral radiometer (model SE-590), following the method of Cayder et al. Downu{e_llmg
irradiance above the sea surface was measured with the SE-590 by viewing a Spectrz}lon diffuse-
reflection, calibration panel. Remote-sensing reflectance values were determinefi bx removing reflected
skylight from the upwelling radiance values”*, and dividing by the downwelling irradiance values.
The absorption coefficients for particles were obtained for surface waters following the method develgped
by Mitchell and Kiefer*. Gelbstoff absorption a, was derived from surface-lay.er K, values determined
with a Biospherical Instruments MER-1048, using the expression a, = k;*cos(j) - &, - a,.

Table |  Symbols and Definitions
E.(-,N) = sub-surface upwelling irradiance
E.(-,A) = sub-surface downwelling irradiance
Ey(+,7N) = above-surface downwelling irradiance
L,(+,A\) = above-surface leaving radiance
Lao(+, A) = above-surface leaving radiance from water molecules
L+, N = above-surface leaving radiance from CDOM fluorescence
Lu(+, N) = above-surface leaving radiance from bottom reflectance
Lig(+, N = above-surface leaving radiance from water Raman
L.(-,N) = sub-surface leaving radiance
p = bottom reflectance
H = water depth
¢ = in-elastic scattering coefficient
j = under surface solar zenith angle
K, = downwelling diffuse attenuation coefficient
K, = upwelling diffuse attenuation coefficient
k = radiance attenuation coefficient for Lambertian source
K = semi-diffuse attenuation coefficient, a+b,
Table 2
Station Latitude Longitude Time/Date
Lake Tahoe 39°T" N 120°5° W 17.5/8-9-90
WEFS Stl 2727 N 82°55° W 14.5/3-4-90
WEFS St2 27°20° N 83°03° W 17.0/3-4-90
WES St3 27°12' N 8311’ W 18.9/3-4-90
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Table 3

Sation | j Q=] X | Y [2400) | 2,440) [ measured a(440)
Tahoe 32| 325 [oo1t] 40| 027 | 018 019
WESStl | 35| 331 |.0088] 1.4 | .170 | 029 053
WESS2 | 26| 3.15 | .0019 | 2.4 | .069 | 040 040
WESSB | 27 | 3.17 | .0010 | 2.4 | .065 029 030
TABLE 4
Station " Tahoe WES St WESS2 | WFS s
440nm 933 920 896 876
Row/R® 550nm 890 902 789 817
440nm 018 021 029 063
Ra/ R, 550nm 019 008 018 038
440nm 035 003 022 032
Ro/Ra" 550nm 109 005 043 077
440nm .012 .038 015
Ru/Ra™ 550nm 089 123 033
Note: R, represents the measured remote sensing reflectance.

3.RESULTS AND DISCUSSION

For Lake Tahoe (Fig.1), the modeled R, curve fit the measured curve very well. From Table 4 we find
that, water Raman had a bigger influence on the reflectance than did CDOM fluorescence due to less
gelbstoff. At 550nm, the influence of water Raman was over 10%, close to the 15% value for sub-surface
irradiance reflectance of Marshall and Smith?! and 12% value of Stavn®® for 490nm. This means caution
must be exercised when using this wavelength band to measure water depth for clear water bodies.

For West Florida Shelf Station 1 (Fig. 2), the modeled R, curve suggests a high particulate concentration
(by,) and large particulate sizes for this station, since X is big and Y is small. At the same time, the
bottom reflectance was derived using a 13.7m water depth and a spectrally constant bottom albedo (0.20),
and a CDOM fluorescence efficiency of n=1.0%. For this station, a, used in the model is about 45%
smaller than the measured a,. Some difficulty in the measurement approach for a, or chlorophyil specific
absorption a, may have occurred, due perhaps to the effects of the pad correction of "beta factor"*® and
the package effect’’, especially for this inshore station. For the offshore stations, modeled a, is within
+5% of the measured a,. For West Florida Shelf Station 2 (Fig. 3), the measured R, is modeled using
a 0.50 bottom reflectance with 25m water depth, and a CDOM fluorescence efficiency n=1.0%. For



West Florida Shelf Station 3 (Fig. 4), the measured R,, is modeled using 0.50 bottom reflectance with
36m water depth, and a CDOM fluorescence efficiency n=1.5%.

For West Florida Shelf stations, the general model agreement with measurements is excellent, with small
differences near 570nm, where the measured R, > modeled R,. There are three possible reasons for
this: a) bottom albedo, b) phycoerythrin fluorescence®, and c) water absorption coefficient. A spectrally
constant bottom albedo was used in the model; gradual spectral increases occur in the albedo in this
region, but they could not account for the sharp increase and then decrease required for the R, curves
to converge. More realistic explanations include the lack of a term for phycoerythrin fluorescence, and
the differences between the reported water absorption coefficients by Smith and Baker? and Tam and
Patel*®. Both explanations need more study.

Spitzer and Dirks* made theoretical predictions regarding the contributions on the sub-surface irradiance
reflectance R(-) due to CDOM fluorescence. They used a Gaussian expression for emission with
wavelength and a quantum efficiency n=.0045. Our model and measurement work!? shows that the
measured remote sensing reflectance can be explained in part by CDOM fluorescence, with the quantum
efficiencies for the model curves twice to thrice the value .0045. It can be found from Table 4 that the
combination of R, R, and R, can influence the ratio of R,(440)/R,(550) by as much as 14%. This
influence can cause a difference of ~20% relative to the pigment concentration determined by the power-
law expression. R, (490)/R,™(490) values as low as 0.77 were found, suggesting that for intermediate
wavelengths great care must be taken when interpreting coastal remote sensing curves.

6. SUMMARY

Contributions to the water-leaving radiance signals in coastal waters of the West Florida Shelf were
attributed by modeling activities to elastic scattering by water molecules, suspended particles and the
bottom, and to in-elastic scattering by water Raman and CDOM or gelbstoff fluorescence. In-elastic
scattering by pigments was not considered.

Close agreement was achieved between modeled and measured results for all stations when all of the
above scattering mechanisms were included. As much as 23% of R,(490) for a station in 25m of water
was attributable to water Raman, CDOM fluorescence, and bottom reflectance. CDOM fluorescence
contributed about 6.3% of the signal at 440nm for a station as far as 50km offshore. This work suggests
that for many applications of remote sensing in coastal waters, serious errors can occur if CDOM
fluorescence and bottom reflectance are ignored, even for stations 34 to 50km offshore in relatively deep
(25 - 36m) waters.
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Fig. 2: Measured vs. modelled R_,
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